Near-field thermophotovoltaic (NFTPV) devices have received much attention lately as an alternative energy harvesting system, whereby a heated emitter exchanges superPlanckian thermal radiation with a photovoltaic (PV) cell to generate electricity. This work describes the use of a grating structure to enhance the power throughput of NFTPV devices, while increasing the energy conversion efficiency by ensuring that a large portion of the radiation entering the PV cell is above the band gap. The device contains a high-temperature tungsten grating that radiates photons to a room-temperature In 0.18 Ga 0.82 Sb PV cell through a vacuum gap of several tens of nanometers. Scattering theory is used along with the rigorous coupled-wave analysis (RCWA) to calculate the radiation energy exchange between the grating emitter and the TPV cell. A parametric study is performed by varying the grating depth, period, and ridge width in the range that can be fabricated using available fabrication technologies. It is found that the power output can be increased by 40% while improving the efficiency from 29.9% to 32.0% with a selected grating emitter as compared to the case of a flat tungsten emitter. Reasons for the enhancement are found to be due to the enhanced energy transmission coefficient close to the band gap. This work shows a possible way of improving NFTPV and sheds light on how grating structures interact with thermal radiation at the nanoscale.
Introduction
Near-field radiation heat transfer has been an exciting research avenue especially during the past decade [1] [2] [3] [4] [5] . As has been both theoretically and experimentally demonstrated, as two media with different temperatures are brought very close together, photon tunneling can greatly enhance the radiative energy transfer [6] [7] [8] [9] [10] [11] [12] . One promising application of near-field radiation is in thermophotovoltaic (TPV) energy conversion devices [13] [14] [15] [16] [17] [18] . With this technology, a high-temperature source radiates electromagnetic thermal energy toward a photovoltaic (PV) cell and electrical current can be generated by photons whose energy is above the band gap of the PV material. Being a portable solidstate energy generation technique with no moving parts, TPVs can be used to recover waste heat from other energy generation technologies very conveniently, such as fuel cells or combustion chambers [19, 20] .
Compared to solar PV cells, TPV devices have an advantage whereby the heated source can be a micro/nanostructured material, and the emissivity can be tuned to align with the bandgap of the receiver. Thus, only above-band-gap radiation leaves the source and the overall energy conversion efficiency can be very high [21] . Periodic nanostructures have been proposed to shape the thermal emission for different applications with great success including one-dimensional gratings [22] [23] [24] as well as twodimensional gratings and nanowires [25, 26] . Work has been done to make the radiation energy of TPV emitter fall above the cell band gap by using thin films [27, 28] or various nanostructures [20, [29] [30] [31] [32] [33] . While these devices may be able to tune the radiation such that the efficiency exceeds solar PV devices, the power throughput per unit area is limited by the well-known Stefan-Boltzmann law.
Near-field thermophotovoltaics (NFTPVs) have been considered to eliminate this barrier by achieving orders of magnitude higher heat flux as the distance between the emitter and the PV cell decreases well below the characteristic thermal wavelength [16] . Due to photon tunneling, radiation with very large transverse wavevectors can travel across the vacuum gap, resulting in tremendous amounts of energy transported into the PV cell for the generation of electron-hole pairs [34] . Recently, much attention has been going to optimize the radiative exchange in NFTPV devices by using a backside mirror [35] , thin films [36] , graphene [37, 38] , and nanowires [39] . Thus far, the analysis of NFTPV devices using structured emitters, especially employing numerically exact approaches, is lacking. Furthermore, the role of gratings in the near-field regime may be very different from that in the far field [40] [41] [42] [43] [44] , making it compelling to investigate how gratings interact with the near-field energy harvesting processes.
The present study seeks to improve both the energy harvesting rate and efficiency in a NFTPV by using a periodic tungsten grating on a tungsten substrate as the thermal emitter. By adjusting the grating parameters, the near-field radiative transfer via photon tunneling can be greatly enhanced, especially at photon energies greater than the band gap of the In 0.18 Ga 0.82 Sb PV cell with a band gap of 0.56 eV, as compared with the baseline case where the emitter is a plain tungsten slab. The radiative energy exchange and the electrical power output are calculated based on scattering theory. A parametric sweep of the period, height, and width of the grating is conducted over a large range, while maintaining practical values. A phenomenological study of the trends with the geometry parameters reveals insights behind the performance enhancement. Through the use of advanced simulations and analysis, this work aims at further understanding the role of nanostructures in near-field radiation and seeking a new avenue for TPV development.
Numerical Modeling
The NFTPV system employing a tungsten grating is shown schematically in Fig. 1 . Here, the tungsten emitter is comprised of a one-dimensional tungsten grating and a semi-infinite tungsten substrate. The tungsten emitter is separated from a semi-infinite In 0.18 Ga 0.82 Sb receiver by a nanoscale vacuum gap of a thickness d. The emitter and receiver extend infinitely in the x-and ydirections, with the emitter being periodic in the x-direction. The periodicity is governed by the grating period P, grating height H, and the strip width w. The filling ratio f is equal to w/P, which represents the relative size of the grating strip. Note that when f ¼ 1, it recovers the planar tungsten case.
The radiative energy exchange between the emitter and receiver will occur over a temperature difference. The emitter temperature is prescribed as T 1 ¼ 2000 K, such that the peak wavelength for the thermal radiation exchange is around 1.45 lm. The receiver temperature is assumed to be at T 2 ¼ 300 K. The optical properties of tungsten are taken from Ref. [45] at room temperature, while the optical properties of In 0.18 Ga 0.82 Sb are obtained from Refs. [45, 46] . Though the optical properties of tungsten may vary at elevated temperatures, the room-temperature dielectric function is used due to the lack of high-temperature data. It should be noted that the focus of the present study is on the geometric effects of gratings and on the comparison between tungsten gratings and plain tungsten. The near-field radiative heat flux between the tungsten emitter and PV cell can be obtained through the framework of scattering theory [43, 44, 47] 
where
is the spectral heat flux that depends on the temperatures of the emitter and the PV cell. Here, the function Hðx; TÞ represents the average energy of Planck's oscillator at a given angular frequency and temperature, and nðx; k x ; k y Þ is the energy transmission coefficient that includes both p-polarization and s-polarization. It should be noted that the energy transmission coefficient depends on the geometry and material properties but not directly on the temperatures. In order to obtain the wavevector and frequency-dependent energy transmission coefficient, the rigorous coupled-wave analysis (RCWA) is used. The integration limits on k x are restricted to the first Brillouin zone due to the periodicity in the x-direction. The details of this method can be found in Ref. [48] . For a planar tungsten emitter, the transmission coefficient can be calculated according to Fresnel's coefficients and the integration for k x is from À1 to þ1. The computation of the energy transmission coefficient is a lengthy process prone to discretization errors, and the parameters used are outlined here. RCWA is used to find the reflection coefficient matrixes of dimension 2(2 Nþ1) for both the emitter and receiver. Here, N is the maximum diffraction order considered in the calculation, and 35 orders were used in this work. The angular frequency x is logarithmically spaced with 80 values over a range from 2.3 Â 10 14 to 4.5 Â 10 15 rad/s. The wavevectors k x and k y are evenly spaced with 43 values for k x and 71 values for k y . Using these parameters, the calculation time for a specified geometry on a dual eight-core Xeon E5-2687 W workstation is over 2 h. When doubling the number of values for k x and k y , the change of radiative energy flux is about 1-2%, and change of energy conversion efficiency is within 0.2%. This fine mesh is used only for several selected cases (shown in Table 1 ), and the numerical uncertainty is believed to be within 1%.
Since the geometries of the emitter substrate and PV cell receiver are semi-infinite, it is assumed that each absorbed photon by the receiver can excite an electron-hole pair as long as the photon energy exceeds the In 0.18 Ga 0.82 Sb cell band gap of 0.56 eV. Furthermore, surface recombination and bulk recombination are neglected, i.e., 100% quantum efficiency is assumed. While this is expected to over-predict the actual near-field TPV performance [14] , the intent of this work is to optimize the tungsten grating emitter, and PV cell performance serves mainly as a metric for comparison of the relative performance. The maximum electrical power output per unit area is evaluated by
where J sc is the short circuit current density, V oc is the open circuit voltage, and FF is the fill factor [49] . Since 100% quantum efficiency is assumed, J sc can be found from
Below the frequency x g that corresponds to the band gap, no photon current can be generated. The open circuit voltage V oc and fill factor FF, which are functions of the carrier concentrations, diffusivities, and lifetimes, can be obtained using formulations described in Ref. [14] . Finally, the energy conversion efficiency is the ratio of electrical power output to the amount of radiative energy exchanged, i.e., g ¼ P el =q 00 . Here, the net heat flux q 00 is the amount of thermal energy leaving the high-temperature source at temperature T 1 , and subsequently, g is the thermal efficiency of the NFTPV system.
Results and Discussion
A parametric sweep for P, H, and f is conducted to identify the best grating performances, with a fixed d ¼ 20 nm. This gap Fig. 1 Schematic of the NFTPV device showing the coordinate axes, vacuum gap spacing d, and the geometric grating parameters: period P, height H, and ridge width w. The temperatures of the emitter at T 1 and receiver at T 2 are specified. Table 1 Selected sets of grating parameters from the parametric sweep that have high performance in terms of both the power output and conversion efficiency at d 5 20 nm. Note that the power output and conversion efficiency for the planar tungsten emitter is 764 kW/m 2 and 29.9%, respectively. spacing d is chosen to illustrate the behavior in the very near-field. The grating parameters are allowed to vary in a wide range: P between 10 nm and 2000 nm, H between 10 nm and 1000 nm, and f between 0.1 and 0.9, representing approximately 400 different grating geometries. Figure 2 shows the maximum power output and efficiency over a large range of grating period and height.
Here, for each point of P and H shown, the filling ratio f is optimized individually to get the highest power output or conversion efficiency. Figure 2 (a) demonstrates that the high power output has a very clear trend toward grating geometries with smaller P and greater H. Although it would appear that the parametric study should continue in this direction, these geometries represent a class of gratings that are extremely difficult to fabricate, with subnanometer minimum feature sizes at aspect ratios verging on 1000. Here, the aspect ratio is defined to be the ratio of the grating height to the minimum feature size. Figure 2 (b) illustrates a more complicated topology when only looking at the efficiencies. It is important to note that the values of the filling ratio at the same period and grating height are different in Figs. 2(a) and 2(b), since the filling ratio is optimized only for the highest power output in Fig. 2(a) and only for the highest efficiency in Fig. 2(b) . Therefore, it is somewhat difficult to compare between the two plots.
Nevertheless, it can be seen that there are certain regimes where the performance is promising without extremely hard-to-make geometric dimensions. In some regimes, the location with higher efficiency does coincide with that of high output power. The maximum possible power typically increases with the grating height, though there may be a lack in efficiency. For each permutation of parameters, the power output P el and conversion efficiency g for the NFTPV system are compared to the baseline case of a plain tungsten emitter. The results for a planar tungsten substrate are already fairly superior to the far-field case with a power output P el of 768 kW/m 2 and efficiency g of 29.9% at 20 nm gap spacing, and a majority of the grating geometries are not able to outperform the baseline case in both power and efficiency. Many of the structures analyzed are able to exceed the electrical power output, but at the cost of a reduced efficiency. Furthermore, a majority of the grating structures that have an efficiency exceeding the plain tungsten case require feature sizes of a few nanometers. When selecting geometry parameters with good performance, the minimum feature size is kept as 10 nm, which is possible to fabricate using existing technologies, e.g., electron beam lithography, and a maximum aspect ratio of 35, a value achievable by either deep reactive ion etching (RIE) or inductively coupled plasma RIE. These practical constraints have limited the achievable maximum power output and efficiency greatly. Nevertheless, there still exist a large number of combined geometries that yield good performance. Qualitative analysis of the spectral energy distribution absorbed by the receiver is also used to identify promising grating parameters.
A selection of grating geometries with fairly good performance for both the power output and energy efficiency is listed in Table 1 . The four cases correspond to grating periods from 50 to 200 nm. All of the selected cases have power outputs and efficiencies higher than that with a plain tungsten emitter. The best performance that gives both the highest power output and conversion efficiency is for case 1 with P ¼ 50 nm, H ¼ 500 nm, and f ¼ 0.8. This case will be investigated in detail in the rest of this work, including the effect of the gap spacing and further parameter tuning by varying individual parameters while fixing the rest. It should be noted that geometries with lower periods and higher filling ratios may outperform this combination by up to 20%; however, they are too difficult to fabricate using presently available techniques.
The NFTPV performance with the grating of the selected geometries according to case 1 of Table 1 is shown in Fig. 3 over a large range of gap distances. The power output and efficiency for the planar tungsten substrate are also shown for comparison. It is seen that the grating has a higher power output over all gap distances. At d ¼ 100 nm, P el of the grating emitter is nearly twice that of the planar emitter (375 kW/m 2 for grating versus 188 kW/m 2 for plain tungsten). At extreme nanometer distances, the near-field interaction tends to become localized [43, 50] . As a result, the near-field energy exchange with grating is approximately equal to that for planar substrate multiplied by the filling ratio. Thus, the difference in the power output becomes smaller at d ¼ 10 nm. Further reducing the gap spacing to a few nanometers can result in a reversed trend, whereby the grating yields a smaller power output than the planar emitter. In terms of the energy conversion efficiency, the grating emitter outperforms the planar emitter when the gap spacing is below about 140 nm, and the improvement increases with decreasing gap spacing down to 20 nm or so. At d ¼ 20 nm, the grating has a modest improvement in both power and efficiency, providing P el ¼ 1078 kW=m 2 (which is 40% greater than that of a planar emitter) and g ¼ 32.0% (which is 2.1% greater than that for a planar emitter). At d ¼ 50 nm, the power output increases by 68%, while the efficiency increases by 1.6%. While the power output is almost doubled at d ¼ 100 nm with the grating emitter, the efficiency only increases by 1.0%.
Due to wave interference effects, the power output has a maximum and minimum at gap distances of 500 nm and 800 nm, respectively, for both the grating structure and plain tungsten. The latter has been observed previously, e.g., Ref. [14] . As the spacing increases beyond 140 nm, the grating structure underperforms the flat tungsten in conversion efficiency. This suggests that the grating enhances photon tunneling at energies lower than the band gap more than it does for photons at energies higher than the band gap. Subsequently, while the power output increases, the conversion efficiency decreases until the gap spacing exceeds about 1.6 lm and gradually reaches the far-field limit. For gap spacings beyond approximately 2 lm, the tungsten grating behaves as a selective far-field emitter that can enhance both the power output and conversion efficiency. Note that the far-field power output, say at d ¼ 10 lm, is only 57.1 kW/m 2 with a grating and 33.4 kW/m 2 without a grating. For the remainder of this work, all calculations will be based on d ¼ 20 nm, where the grating structure has prominent performance advantages over plain tungsten, and furthermore, near-field effects can significantly increase the power output as well as the conversion efficiency.
It is important to investigate how each parameter influences the NFTPV system performance to get a good understanding of the geometric effects. To this end, the dependence of P el and g on each geometric parameter is plotted in Fig. 4 . Here, the default geometries correspond to case 1 of Table 1 and only one parameter is allowed to vary over a large range. The effect of filling ratio is shown in Fig. 4(a) . As the filling ratio increases, both the power and efficiency will rise. The efficiency reaches a maximum at about f ¼ 0.8, while the power continuously increases somewhat as f further increases up to 0.9. Note that f ¼ 1 represents the planar geometry without a grating since the tungsten grating is on a semi-infinite tungsten substrate. Because the grating period is fixed, a larger filling ratio means a narrower grating slit; hence, the narrowness of the grating slit plays a key role in the enhanced performance though the actual mechanisms may be quite complex. As shown in Fig. 4(b) , when the grating period is less than 500 nm, the efficiency increases with decreasing P, especially at very small periods. However, when the period is less than 50 nm, the slit width for f ¼ 0.8 is smaller than 10 nm, which is challenging to fabricate. Interestingly, the electric power reaches a maximum of 1.08 MW/m 2 at P ¼ 100 nm with an efficiency of 30.6%, which is slightly higher than the case without a grating. The power decreases toward larger periods. When the period is large enough, approaching the characteristic wavelength of thermal radiation at 2000 K (around 1.5 lm), the effects of the grating vanish, and the heat flux tends to follow the proximity approximation given by a weighted average for the top and bottom of the grating [41] . The efficiency is generally less than 29% for a grating period larger than 300 nm, though it slightly increases beyond P ¼ 500 nm. In the range 50 nm < P < 100 nm, the grating structure can achieve significantly enhanced power and somewhat increased efficiency over the planar counterpart. In Fig. 4(c) , a maximum in the efficiency can be seen at a grating height close to 500 nm, while the power continues to increase with deeper gratings, suggesting that deep-grating cavity resonance modes may play a part in the enhancement. This also supports the trend of increased performance at relatively large filling ratios, as the slit width gets narrower. In the case of a deep grating with a narrow slit, cavity resonance modes can be excited [24] and may increase the energy throughput. However, as discussed previously, there is limiting value of f beyond which the performance deteriorates. For optimal performance, the grating height should be between 400 nm and 600 nm. The results shown in Fig. 4 clearly suggest that there is a relatively large fabrication tolerance because high performance can be maintained as long as the default parameters are not deviated significantly.
To better understand the mechanisms for the enhancement of using a grating over the planar tungsten case, the spectral response is analyzed. The energy transmission coefficient nðx; k x ; k y Þ for the plain tungsten and the grating structure is shown in Figs rad/s and their corresponding cutoff wavelengths are about 10 lm and 0.4 lm, respectively. This wide spectral region is chosen in the computation, since it covers more than 98% of the total nearfield radiative heat flux for an emitter at 2000 K. The wavevector k x is normalized by p=P for convenience in both plots, and the light line k x ¼ k 0 is also shown. Although k x for planar tungsten is not limited to p=P, the maximum k x for plain tungsten is chosen to be p=P for easy comparison with the grating case. As shown in Fig. 5(a) , this value is sufficiently high since n is already very small near this limit. It should be noted that cylindrical coordinates are used for plain tungsten to integrate over the tangential wavevector space for calculations of the radiative heat flux and power output [1] . The integration limit is extended until convergence is reached. Notice that once the dielectric functions and geometric parameters are specified, the contour plots are invariant to temperatures. The band gap of In 0.18 Ga 0.82 Sb is 0.56 eV (x g ¼ 8.4 Â 10 14 rad/s), and only photons with energies greater than the band gap are able to generate electron-hole pairs. As shown in Fig. 5(a) , the planar tungsten system can already support a high energy transmission coefficient above the band gap. Therefore, it is challenging to outperform the planar tungsten substrate dramatically.
Excitation of surface plasmon polaritons (SPPs) at the vacuum-metal interface usually has a dominant contribution to the near-field radiative energy exchange [13, 51] . However, unlike many other metals, tungsten not only has a high DC resistivity and scattering rate, but also supports interband electron transitions in the visible and near infrared [52] . The resulting dielectric function has a very high loss, i.e., the imaginary part of the dielectric function is about 20 at x > 1:7 Â 10 15 rad=s and even larger at lower frequencies. As shown in Fig. 5(a) , there is a region featured with high energy transmission coefficients just lying on the right side of the light line. This regime extends from 1.1 Â 10 15 rad/s all the way toward the upper frequency bound. Note that the real part of the dielectric function of tungsten ReðeÞ becomes positive at frequencies higher than approximately 2.0 Â 10 15 rad/s. Subsequently, the excitation condition of SPPs, which requires the permittivities to have different signs at the interface, cannot be satisfied. Even at x ¼ 1.96 Â 10 15 rad/s, where ReðeÞ ¼ À1 for tungsten, which is the condition for excitation of SPPs at the vacuum-tungsten interface, no obvious resonance-assisted high energy transmission coefficients can be seen. Previous studies by Basu and Zhang [53] and Liu et al. [54] also noticed that the peak of the energy transmission coefficient may not occur at the frequency, where ReðeÞ ¼ À1, if the loss is sufficiently high. Liu et al. [55] showed that the cutoff wavevector, beyond which the contribution to photon tunneling becomes negligible, decreases with the increasing loss. The high loss of tungsten prevents the inside fluctuational current from coupling with very high wavevectors and prohibits SPPs to be excited at the vacuum-tungsten interface. Nevertheless, there exist large transmission coefficients outside the light line where the photon tunneling coefficient peaks, though this is not associated with any resonance phenomena. It should be noted that the PV cell serves as a lossy dielectric in this region and has less effects on n. This has been verified by considering the energy transmission coefficients between two tungsten plates or between two PV cell plates. Though not shown here, the shape between two tungsten plates resembles that of Fig. 5 (a) at x > 1:9 Â 10 15 rad/s. Therefore, the enhanced power output and radiative energy exchange at d ¼ 20 nm over the far-field case cannot be attributed to the excitation of SPPs but are mainly due to the photon tunneling of evanescent waves in a broad frequency region. Note that both s-and p-polarizations are combined in Fig. 5(a) . They have comparable contributions (55% for p-polarization and 45% for s-polarization) to the radiative energy exchange for the plain tungsten. For the tungsten grating, it is hard to identify the contributions from individual polarizations due to the polarization coupling effects and the numerical algorithm used. Figure 5(b) shows the energy transmission coefficient for the grating structure. Compared with Fig. 5(a) , it can be seen that n for the grating structure is higher in a broad frequency and wavevector range, especially in the frequency region from 1:2 Â 10 15 to 2:5 Â 10 15 rad/s. Both the radiative heat flux and the electrical power output are enhanced with gratings, and the enhancement of the power output is slightly higher, resulting in the somewhat increased conversion efficiency. While for plain tungsten, Fig. 5(a) is sufficient to describe the energy transmission coefficient versus the transverse wavevector due to isotropy, and Fig. 5(b) is only for k y ¼ 0 and it is necessary to investigate the effect of k y on the transmission coefficient as well.
To explore the energy transmission coefficients at nonzero k y values, nðx; k x ; k y Þ is integrated over k x , such that
where k 0 is the magnitude of the wavevector in vacuum. Note that the integration limits for the plain tungsten are from À1 to 1. The calculated n x;ky are shown in To better understand the mechanism accounting for the enhanced conversion efficiency with gratings, it is helpful to define a spectral energy transmission coefficient, which is obtained by integrating the energy transmission coefficient over all wavevectors
The Stefan-Boltzmann law will be recovered, if n x ¼ 1 is substituted into Eq. (1). Thus, the physical significance of n x is that when n x > 1, the combined contribution of propagating waves and evanescent waves exceeds the blackbody radiation at the specified frequency. Note that the integration limits of 6p=P are substituted by 61 when applying Eq. (5) for the planar case. As shown in Fig. 7 , the tungsten grating gives rise to a peak n x at 1.2 Â 10 15 rad/s, which corresponds to the low-frequency bump in Fig. 6(b) . This feature is stronger with larger grating heights or narrower grating slits, so it is plausible that cavity resonance is responsible for the enhancement [24] . Comparing the cases with and without the tungsten grating, one can see that the spectral energy transmission coefficient is higher especially below 2.0 Â 10 15 rad/s. Note that the angular frequency corresponding to the bandgap energy is 8.4 Â 10 14 rad/s, as shown with the vertical dotted line in Fig. 7 . Hence, the advantage that the grating structure has over the plain tungsten is that the spectral energy transmission coefficient is not only higher but also has been pushed closer to the PV band gap. Because the excess energy of the higher frequency photons beyond the band gap is lost due to thermalization processes, the grating system yields a higher energy conversion efficiency due to less thermalization loss. Using the exact scattering matrix approach, we have simulated the near-field radiative energy exchange between tungsten gratings and an In 0.18 Ga 0.82 Sb PV cell. The power output and energy conversion efficiency of the NFTPV system have been calculated by assuming 100% quantum efficiency and compared with the flat tungsten case. Through a parametric sweep of grating geometries, several suitable emitters have been identified that can outperform the baseline case. When P ¼ 50 nm, H ¼ 500 nm, and f ¼ 0.8, the electrical output power was 1078 kW/m 2 with an efficiency of 32.0% at d ¼ 20 nm, showing an improvement over the planar case by 40% and 2.1% for power output and conversion efficiency, respectively. The enhanced energy transmission coefficient especially near the bandgap frequency is found to be the reason accounting for the performance enhancement. This work helps identify efficient nanostructured NFTPV devices as well as gain insights into near-field radiation with nanograting structures. 
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